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(IIHFWRI5H\QROGV1XPEHURQ&ULWLFDO6WRNHV1XPEHU3DUWLFOH&ROOLVLRQ6WDWLVWLFVLQ
0XOWLSKDVH7XUEXOHQW&KDQQHO)ORZV 
 
.5DL0)DLUZHDWKHU/)0RUWLPHU 
6FKRRORI&KHPLFDODQG3URFHVV(QJLQHHULQJ 
8QLYHUVLW\RI/HHGV/HHGV/6-78. 
SPNU#OHHGVDFXNPIDLUZHDWKHU#OHHGVDFXNOIPRUWLPHU#OHHGVDFXN 
 
.H\ZRUGV'LUHFWQXPHULFDOVLPXODWLRQ/DJUDQJLDQSDUWLFOHWUDFNLQJWXUEXOHQFHPXOWLSKDVHIORZIRXUZD\
FRXSOLQJLQWHUSDUWLFOHFROOLVLRQV 
 
$EVWUDFW 
Spherical particle collision statistics in multiphase turbulent channel flows are obtained using a Lagrangian particle 
tracking algorithm four-way coupled to direct numerical simulations. Two channel flows are simulated at ReĲ=180 and 
ReĲ=590 with particles of the Kolmogorov Stokes number StK=1. Particle collision velocities and angles within four 
regions of the channel flows (viscous sublayer, buffer layer, log-law region and bulk flow) are analysed to elucidate 
the dynamics of particle interactions in the various regions of the turbulent flows. The results indicate that the most 
significant contribution to collision velocities arises in the streamwise direction, with particles in the viscous sublayer 
region colliding with lower streamwise velocities compared to those in other regions of the flow. Furthermore, the 
spread in the distribution of collision angles is found to be highest in the viscous sublayer, and lowest in the bulk flow 
region.  
 
,QWURGXFWLRQ 
0XOWLSKDVH IORZ VLPXODWLRQV DOORZ XV WR
TXDQWLWDWLYHO\DQGTXDOLWDWLYHO\VWXG\SDUWLFOHIOXLGDQG
SDUWLFOHSDUWLFOH LQWHUDFWLRQV LQWXUEXOHQW IORZV ,QERWK
UHVHDUFKDQGLQGXVWULDODSSOLFDWLRQVRIWHQWKHSULPDU\
PRWLYDWLRQ IRU FRQGXFWLQJ VXFK VLPXODWLRQV ZKHUH
SRVVLEOH LV GULYHQ E\ FRVW VDYLQJV RQ H[SHQVLYH
H[SHULPHQWV RU WKH GLIILFXOW\ LQ SHUIRUPLQJ UHDOLVWLF
H[SHULPHQWV2QHVXFKDSSOLFDWLRQRIUHOHYDQFHWRWKH
SUHVHQWZRUNLVLQWKHQXFOHDULQGXVWU\)RUH[DPSOHLQ
WKH8.PRVWVSHQWIXHODQGQXFOHDUZDVWHLVVWRUHGLQ
SRQGVRUVLORVDVDVROLGOLTXLGVOXUU\2YHUPDQ\\HDUV
the structural integrity of the ponds has been 
deteriorating and there is an increased need to 
transport the waste to other safe storage facilities. The 
problem remains in knowing how best to transport the 
VROLGOLTXLG VOXUU\ in the most efficient, effective and 
safe way. Multi-phase flow simulations can help answer 
these questions by providing understanding into the 
behaviour of such systems. 
,QSDUWLFOHODGHQIORZVRQHTXHVWLRQRILQWHUHVWLVDW
ZKDW 6WRNHV QXPEHU IRU D JLYHQ FRQFHQWUDWLRQ GR
SDUWLFOHV VWDUW WR DIIHFW WKH IORZ DQG WXUEXOHQFH
G\QDPLFV" 2YHU PDQ\ \HDUV VLPXODWLRQEDVHG
UHVHDUFK KDV DWWHPSWHG WR DQVZHU WKLV TXHVWLRQ
(OJKREDVKL   KDV VKRZQ WKDW DW VROLG
YROXPHIUDFWLRQVEHWZHHQDQG WKHUHH[LVWVD
FULWLFDO6WRNHVQXPEHURU.ROPRJRURY6WRNHV6W. 
%HORZWKLVYDOXHSDUWLFOHVDUHFRQVLGHUHGVPDOO WKHLU
UHVSRQVH WLPH LV PXFK VPDOOHU WKDQ WKH .ROPRJRURY
WLPHVFDOH7KHVHSDUWLFOHVGXHWRWKHLUORZLQHUWLDDUH
SURQHWREHFRPLQJWUDSSHGLQYRUWLFDOVWUXFWXUHVRIWKH
VXUURXQGLQJ IOXLG 7KH QHW HIIHFW LV WKDW WKHVH VPDOO
SDUWLFOHV LQFUHDVH WKH IOXLG WXUEXOHQFH NLQHWLF HQHUJ\
DQG LWV GLVVLSDWLRQ UDWH $ERYH WKH FULWLFDO 6WRNHV
QXPEHU SDUWLFOHV DUH FRQVLGHUHG ODUJH DQG WKH\ DUH
OHVV OLNHO\ WR UHVSRQG WR ORFDO IOXFWXDWLRQV LQ WKH IOXLG
YHORFLW\ ILHOG DQG XQOLNH VPDOO SDUWLFOHV WKH\ DUH
HMHFWHG IURPYRUWLFDOVWUXFWXUHV7KHQHW UHVXOW LV WKDW
WKHVH ODUJH SDUWLFOHV DWWHQXDWH WKH WXUEXOHQFH NLQHWLF
HQHUJ\DQGLWVGLVVLSDWLRQUDWHZLWKLQWKHIOXLGIORZ 
2WKHU LQYHVWLJDWLRQV KDYH VWXGLHG WKH HIIHFW RI
6WRNHV QXPEHU LQ WXUEXOHQW IORZV WR GHWHUPLQH WKH
H[WHQW RI PRGLILFDWLRQ WR WKH WXUEXOHQW IORZ ILHOG )RU
H[DPSOH/HH	/HHVWXGLHGSDUWLFOHVZLWKܵݐା ൌ ?Ǥ ?ǡ  ?ǡ ? ?DQG  ? ? ? LQ D 5HĲ  FKDQQHO IORZ WR
LQYHVWLJDWH WKH SK\VLFDO PHFKDQLVPV UHVSRQVLEOH IRU
WXUEXOHQFH HQKDQFHPHQW E\ WKH SDUWLFOHV 7KH\
REVHUYHG WKDW WKH VPDOOHVW SDUWLFOHV HQKDQFH WKH
WXUEXOHQFH E\ DFWLQJ DV DQ HQHUJ\ VRXUFH IRU KLJK
VSHHG UHJLRQV LQ WKH IORZ 2Q WKH RWKHU KDQG ODUJHU
SDUWLFOHV DWWHQXDWH WKH WXUEXOHQFH ILHOG DFWLQJ DV DQ
HQHUJ\VLQN=KDRHWDODOVRVWXGLHGWXUEXOHQFH
PRGLILFDWLRQLQIRXUZD\FRXSOHGVLPXODWLRQVDWYDULRXV
6WRNHV QXPEHUV E\ YDU\LQJ WKH SDUWLFOH GLDPHWHU LQ
KRPRJHQHRXV GHFD\LQJ LVRWURSLF WXUEXOHQFH 7KH\
REVHUYHGDWWHQXDWLRQDWKLJK6WRNHVQXPEHUVHYHQIRU
GLOXWH UHJLPHV )HUUDQWH 	 (OJKREDVKL  DOVR
VWXGLHGLQGHWDLOWKHSK\VLFDOPHFKDQLVPVUHVSRQVLEOH
IRUPRGLILFDWLRQRILVRWURSLFWXUEXOHQFHDW൑6W.൑ 
7KHOLWHUDWXUHVXUURXQGLQJSDUWLFOHIOXLGDQGSDUWLFOH
SDUWLFOHLQWHUDFWLRQPHFKDQLVPVZRXOGEHH[SDQGHGE\
LQYHVWLJDWLRQVLQWRWKHHIIHFWVRIWXUEXOHQFHRQIRXUZD\
FRXSOHGSDUWLFOHG\QDPLFVDURXQG6W. )RULQVWDQFH
WKHHIIHFWRI5H\QROGVQXPEHURQWKHUHVXOWLQJSDUWLFOH
G\QDPLFV LVQRW IXOO\XQGHUVWRRG+HUHZHDWWHPSW WR
DQVZHU WKH TXHVWLRQ KRZ GR SDUWLFOHV LQWHUDFW
GLIIHUHQWO\ LQ ORZ 5HĲ  DQG KLJK 5HĲ 
5H\QROGVQXPEHUIORZVDW6W. " 
7KH SUHVHQW ZRUN IRFXVHV RQ HOXFLGDWLQJ SDUWLFOH
G\QDPLFV E\ DQDO\VLQJ SDUWLFOHSDUWLFOH FROOLVLRQ
  
VWDWLVWLFVRIVSKHULFDOSDUWLFOHODGHQIORZVXVLQJYDULRXV
SUREDELOLW\GLVWULEXWLRQIXQFWLRQV3')VDW6W. DWWZR
OHYHOVRIWXUEXOHQFHLQDFKDQQHOIORZ 
0HWKRGRORJ\ 
7KH VSHFWUDOHOHPHQW PHWKRG FRGH 1HN
)LVFKHU HW DO  ZDV XVHG WR SHUIRUP GLUHFW
QXPHULFDOVLPXODWLRQVRIVLQJOHSKDVHFKDQQHOIORZVDW
5HĲ DQG5HĲ ,WVROYHVWKH1DYLHU6WRNHVDQG
FRQWLQXLW\HTXDWLRQXVLQJDWKRUGHUVSHFWUDOHOHPHQW
PHWKRG7KHIORZHTXDWLRQVDUH 
 
߲߲ݑݐ ൅ ݑ ڄ ׏ݑ ൌ  െ׏݌ ൅  ?ܴ݁ ׏ ڄ ߬ ൅ ݂  
 
׏ ڄ ݑ ൌ  ?  
ZKHUHݑ LV WKHIOXLGYHORFLW\ ILHOG݌ LVSUHVVXUHܴ݁ LV
5H\QROGV QXPEHU ߬ LV WKH YLVFRXV GHYLDWRULF VWUHVV
WHQVRUDQG݂LVDVRXUFHWHUP 
7KH GRPDLQ SURSHUWLHV RI ERWK FKDQQHOV DUH
SUHVHQWHG LQ7DEOH  ZKHUH '[ \ ] LV WKH GRPDLQ
VL]H 1( LV WKH QXPEHU RI HOHPHQWV DQG 11 LV WKH
HTXLYDOHQWQXPEHURIQRGHVZLWKKEHLQJWKHFKDQQHO
KDOIKHLJKW 
 
7DEOH&KDQQHOGRPDLQVLPXODWLRQSDUDPHWHUV 
 
ReĲ ReB D(x, y, z) NE NN 
180 2800 14h×2h×6h 27×18×23 3.8×106 
590 11000 14h×2h×6h 61×52×41 45×106 
 
(OHPHQWV FORVH WR WKH ZDOO ZHUH GLVWULEXWHG PRUH
GHQVHO\WRUHVROYHWKHVPDOOVFDOHVDQGPRUHVSDUVHO\
SRSXODWHGDZD\ IURP WKHZDOO 0DUFKLROL HW DO 
7KH VLQJOHSKDVH IORZ UHVXOWV ZHUH YDOLGDWHG DJDLQVW
WKRVH RI .LP HW DO  0RVHU HW DO  DQG
9UHPDQ HW DO D E ZLWK JRRG DJUHHPHQW
REWDLQHG 
 
7DEOH.ROPRJRURYEDVHG6WRNHVQXPEHU6W.DQG
VKHDU6WĲDQGEXON6W%6WRNHVQXPEHUVHPSOR\HG
LQWKHVLPXODWLRQV 
 
5HĲ 6W. 6WĲ 6W% 
    
    
 
)RUWKHVROLGSKDVHD/DJUDQJLDQSDUWLFOHWUDFNLQJ
PHWKRGZDVHPSOR\HG7KHJRYHUQLQJHTXDWLRQVDUH 
 
߲ݔ௣߲ݐ ൌ ݑ௣  
 
߲ݑ௣߲ݐ ൌ  ?ܥ஽ȁݑ௦ȁ ? ௣݀ߩ௣ ݑ௦  
൅  ? ?ܥ௅ߩ௣ ൫ݑ௦ ൈ ߱௙൯ ൅  ?ߩ௣ ܦݑ௙ܦݐ ൅  ? ?ߩ௣ ܦݑ௙ܦݐ  
+HUHݔ௣LVWKHSDUWLFOHSRVLWLRQܥ௅LVWKHOLIWFRHIILFLHQWߩ௣LVWKHGHQVLW\RIDSDUWLFOHݑ௙LVWKHYHORFLW\RIIOXLG
DWWKHSRVLWLRQRIWKHSDUWLFOHݑௌ LVWKHVOLSYHORFLW\RIWKHSDUWLFOHݑ௉LVWKHYHORFLW\RIWKHSDUWLFOH݀௣LVWKH
SDUWLFOHGLDPHWHUDQG ௙߱LVYRUWLFLW\1RWHWKDWDOOWKHVH
TXDQWLWLHV DUH PDGH QRQGLPHQVLRQDO E\ WKH EXON
SURSHUWLHVRIWKHIORZ,Q(TWKHWHUPVRQWKHULJKW
KDQGVLGHGHVFULEH WKH IRUFHVDFWLQJRQ WKHSDUWLFOHV
ZLWKWKHILUVWWHUPGHVFULELQJGUDJWKHVHFRQGWHUPOLIW
WKHWKLUGSUHVVXUHJUDGLHQWDQGWKHILQDOWHUPWKHYLUWXDO
PDVV 
6ROXWLRQVRIWKHVHHTXDWLRQVZHUHFRXSOHGZLWKWKH
VLQJOHSKDVHIORZXVLQJWKHVRXUFHWHUPLQWKH1DYLHU
6WRNHV HTXDWLRQ (T  $W HYHU\ WLPH VWHS WKH
DOJRULWKP VROYHV IRU WKH VLQJOHSKDVH IORZ DQG WKHQ
VROYHV WKH GLIIHUHQWLDO HTXDWLRQV (TV  DQG  WR
GHWHUPLQH WKHSDUWLFOHSRVLWLRQDQG YHORFLW\ XVLQJ WKH
IRXUWKRUGHU5XQJH.XWWDWHFKQLTXH7KHVRXUFHWHUPLQ
(T LV݂ ൌ  ?Ȁ ௖ܸ௘௟௟  ? ௙݂௣ZKLFK LVVXPPHGRYHU WKH
QXPEHURISDUWLFOHVLQ ௖ܸ௘௟௟ZKHUH ௖ܸ௘௟௟LVWKHYROXPHRIDIOXLGFRPSXWDWLRQDOFHOODQG ௙݂௣LVWKHIRUFHH[HUWHGE\
WKH IOXLG RQ D SDUWLFOH 7ZRZD\ FRXSOLQJ ZDV
LPSOHPHQWHG XVLQJ WKH SRLQW VRXUFH LQ FHOO PHWKRG
GHYHORSHG E\ &URZH HW DO  3DUWLFOHSDUWLFOH
FROOLVLRQV ZHUH PRGHOOHG XVLQJ WKH KDUGVSKHUH
DSSURDFK 6KDUPD HW DO  Sundaram & Collins 
1996 ZKLFK PRGHOV FROOLVLRQV DV HODVWLF 7KHUH DUH
UHWURDFWLYH DQG SURDFWLYH PHWKRGV IRU GHWHFWLQJ
FROOLVLRQV7KHIRUPHULVFRPSXWDWLRQDOO\OHVVLQWHQVLYH
EXW FDQ PLVVa20% of the total number of collisions
ZKLOVW WKH ODWWHU DSSURDFK DFFXUDWHO\ FDSWXUHV
FROOLVLRQVEXWWKHK\GURG\QDPLFHIIHFWVRIDSSURDFKLQJ
SDUWLFOHV DUH LJQRUHG DQG WKH PHWKRG FDQ EH
FRPSXWDWLRQDOO\ H[SHQVLYH IRU ODUJH QXPEHUV RI
FROOLVLRQV7KHPHWKRGHPSOR\HGWRGHWHFWFROOLVLRQVLQ
WKHSUHVHQWVLPXODWLRQVLVDFRPSURPLVHEHWZHHQWKHVH
WZRDSSURDFKHVLQWHUPVRIFROOLVLRQGHWHFWLRQUDWHDQG
FRPSXWDWLRQDOZRUN 
7KH DOJRULWKP GHWHFWV FROOLVLRQV EHWZHHQ WZR
SDUWLFOHV LI WKH GLVWDQFH EHWZHHQ WKHLU FHQWUHV ݔ௣ LV
OHVVWKDQWKHGLDPHWHURIDSDUWLFOH݀௣ݔ௣ ൏ ݀௣DQG
WKH YHORFLW\ DW WKDW WLPH VWHS LV XVHG WR GHILQH WKH
FROOLVLRQ YHORFLW\ ZLWK WKH DQJOH EHWZHHQ WKH WZR
YHORFLW\ YHFWRUV REWDLQHG XVLQJ WKH GRW SURGXFW 7KH
FROOLVLRQYHORFLW\LVGHILQHGDVሺȁݑ௉ଵȁ ൅ หݑ௉ଶหሻȀ ?DQGWKHFROOLVLRQ DQJOH LV JLYHQ E\ ߠ ൌ ሺݑ௉ଵ ڄ ݑ௉ଶሻȀሺȁݑ௉ଵȁหݑ௉ଶหሻ ZKHUH ݑ௉ଵDQG ݑ௉ଶ DUH WKH SDUWLFOHYHORFLWLHV 0XOWLSKDVH IORZ UHVXOWV IRU D 5HĲ 
FKDQQHO IORZ ZHUH YDOLGDWHG DJDLQVW WKH UHVXOWV RI
0DUFKLROLHWDODWVLPLODU6WRNHVDQG5H\QROGV
QXPEHUVZLWKJRRGDJUHHPHQWREWDLQHG 
7KHYDULDEOHVXVHGLQWKHSORWVEHORZDUHGHILQHGDVݕכ ൌ ݕȀ݄ ݕା ൌ ݕכܴ݁ఛ ݑכ ൌ ݑȀݑ௕ ݑା ൌ ݑȀݑఛ ݒା ൌݒȀݑఛDQGݓା ൌ ݓȀݑఛZKHUH݄LVWKHKDOIKHLJKWRIWKHFKDQQHO$GGLWLRQDOO\ݑ௕ LV WKHEXONYHORFLW\DQGݑఛ LVWKHVKHDUYHORFLW\ZLWKݑ௣כ ݒ௣כDQGݓ௣כQRUPDOL]HGE\WKH
EXONYHORFLW\ 
  
7KH WRWDO QXPEHU RI SDUWLFOHV FRQVLGHUHG ZDV
 HDFK RI GLDPHWHU K JLYLQJ D YROXPH
IUDFWLRQRI7KHLUGHQVLW\UDWLRZDVFKRVHQWR\LHOG
6W.  6W. LV GHILQHG DV WKH UDWLR RI WKH SDUWLFOH
UHVSRQVHWLPHWRWKH.ROPRJRURYWLPHVFDOH6LQFHWKH
.ROPRJRURYOHQJWKVFDOHYDULHVDFURVVWKHFKDQQHOLWV
DYHUDJHZDVFKRVHQ LQRUGHU WRREWDLQ6W. )XUWKHU
GHWDLOVDUHJLYHQLQ7DEOH 
5HVXOWVDQG'LVFXVVLRQ 
,Q WKLV VHFWLRQ ZH SUHVHQW WKH UHVXOWV DQG
REVHUYDWLRQV DQG GLVFXVV WKH HIIHFWV RI WZR GLIIHUHQW
5H\QROGVQXPEHUIORZVRQSDUWLFOHFROOLVLRQVWDWLVWLFVLQ
DIRXUZD\FRXSOHGPXOWLSKDVHWXUEXOHQWFKDQQHOIORZ
7KH UHVXOWV LQFOXGHG DUH VLQJOHSKDVH SUHGLFWLRQV IRU
WKH5HĲ FKDQQHOIORZDFRPSDULVRQRIWKHIRXUZD\
FRXSOHG 5HĲ  IORZ DW 6WĲ  ZLWK WKH UHVXOWV RI
0DUFKLROLHWDOIRUDRQHZD\FRXSOHG5HĲ 
IORZDW6WĲ DQGODVWO\PXOWLSKDVHUHVXOWVIRU5HĲ 
DQG5HĲ DQGFROOLVLRQVWDWLVWLFVIRUERWK5H\QROGV
QXPEHUVDWFULWLFDO6WRNHV6W. 7DEOH 
$6LQJOHSKDVHIORZUHVXOWV 
)LJXUHVKRZVWKHVLQJOHSKDVHIORZUHVXOWVIRUWKH
5HW=590 channel flow which includes SUHGLFWLRQVRIWKH
VWUHDPZLVHPHDQYHORFLW\WRJHWKHUZLWKWKHURRWPHDQ
VTXDUH UPV RI WKH YHORFLW\ IOXFWXDWLRQV DQG WKH
5H\QROGVVKHDUVWUHVV 
 
)LJXUH  ReĲ  VLQJOHSKDVH IORZ VWDWLVWLFV DQG
YDOLGDWLRQ 8SSHU PHDQ VWUHDPZLVH IOXLG YHORFLW\
ORZHUUPVRIYHORFLW\IOXFWXDWLRQVDQGVKHDUVWUHVV 
$OWKRXJKUHVXOWVIRUWKH5HW=180 single-phase IORZ
DUH QRW SUHVHQWHG KHUH WKH SUHGLFWLRQV ZHUH
TXDOLWDWLYHO\ VLPLODU WR WKRVHRI)LJ7KH UHVXOWV IRU
ERWK WKH 5HW=180 and ReW=590 IORZV DUH LQ JRRG
DJUHHPHQWZLWK'16SUHGLFWLRQVIURP.LPHWDO
9UHPDQHWDODEDQG0RVHUHWDO
DV GHPRQVWUDWHG LQ )LJ  IRU WKH ODWWHU FDVH 7KH
QRWDEOHGLIIHUHQFHEHWZHHQWKH5HW=180 and ReW=590 
IORZVLVWKDWLQWKHEXONUHJLRQDWKLJK5H\QROGVQXPEHU
WKHPHDQVWUHDPZLVHYHORFLW\LVa17% greater than in 
WKH ORZHU 5H\QROGV QXPEHU FDVH )XUWKHUPRUH
DOWKRXJK WKH SHDN LQ WKH VWUHDPZLVH UPV YHORFLW\
IOXFWXDWLRQVIRUERWK5H\QROGVQXPEHUIORZVRFFXUVDW
\a12 the gradient LQWKHVHIOXFWXDWLRQVDIWHUWKHSHDN
LVJUHDWHUIRUWKHKLJK5H\QROGVQXPEHUIORZLQGLFDWLQJ
WKDWLQQHDUZDOOUHJLRQWKH5HW=590 flow is VLJQLILFDQWO\
PRUHWXUEXOHQWWKDQWKH5HW=180 flow. 
%0XOWLSKDVHIORZUHVXOWV 
)LJXUHFRPSDUHVUHVXOWVIRUWKHSUHVHQWIRXUZD\
FRXSOHG 5HW=180 multi-phase flow ZLWK 6WĲ 
6W. DQGWKHRQHZD\FRXSOHG5HĲ PXOWLSKDVH
IORZZLWK6WĲ RI0DUFKLROLHWDO 
 
)LJXUH  &RPSDULVRQ RI IRXUZD\ FRXSOHG 5HW=180 
SDUWLFOHVWDWLVWLFVDW6WĲ 6W. ZLWKWKHUHVXOWVRI
0DUFKLROLHWDO  RQHZD\FRXSOHGDW5HW=150
DQG 6WĲ  ݕכ LV FRRUGLQDWH ZKLFK ODEHOV ZDOO QRUPDO
GLUHFWLRQ 8SSHU SDUWLFOH PHDQ VWUHDPZLVH YHORFLW\
ORZHUUPVRISDUWLFOHVWUHDPZLVHYHORFLW\IOXFWXDWLRQV 
$VH[SHFWHGGXHWRWKHKLJKHU5H\QROGVQXPEHURI
  
WKH SUHVHQW VLPXODWLRQ WKHSDUWLFOH PHDQVWUHDPZLVH
YHORFLW\ LV VOLJKWO\ JUHDWHU WKDQ WKDW SUHGLFWHG E\
0DUFKLROL HW DO  DOWKRXJK WKH WZR SURILOHV DUH
TXDOLWDWLYHO\ VLPLODU +RZHYHU WKH VWUHDPZLVH QRUPDO
VWUHVVHV DUH VLPLODU LQ ERWK FDVHV ERWK TXDOLWDWLYHO\
DQGTXDQWLWDWLYHO\7KHUHDVRQIRUWKLVFDQEHDWWULEXWHG
WRGLIIHUHQFHV LQWKH OHYHORIFRXSOLQJXVHG LQWKHWZR
FDVHV DQGGLIIHUHQFHV LQ WKHSDUWLFOH 6WRNHVQXPEHU
EHWZHHQWKHVLPXODWLRQV,QERWKFDVHVWKHSHDNLQWKH
IOXFWXDWLRQV LV REVHUYHG WR EH DURXQG \a0.9 in WKH
VWUHDPZLVHGLUHFWLRQDQGDW\a0.6 in WKHZDOOQRUPDO
DQG\a0.7 in WKHVSDQZLVHGLUHFWLRQVQRWVKRZQ$OVR
WKHPLQLPXPLQWKHIOXFWXDWLRQV LVDWWKHFHQWUHRIWKH
FKDQQHOLQGLFDWLQJORZWXUEXOHQFHOHYHOLQWKDWUHJLRQ 
 
)LJXUH5HĲ PXOWLSKDVHIORZSUHGLFWLRQVIRUIOXLG
DQG SDUWLFXODWH SKDVHV 8SSHU PHDQ VWUHDPZLVH
YHORFLW\ ORZHU UPVRIYHORFLW\ IOXFWXDWLRQVDQGVKHDU
VWUHVV 
 
(UURU5HIHUHQFHVRXUFHQRWIRXQGDQG)LJXUH
VKRZIOXLGDQGSDUWLFOHVWUHDPZLVHPHDQYHORFLWLHVDV
ZHOO DV WKH QRUPDO DQG VKHDU VWUHVVHV DFURVV WKH
FKDQQHO LQ WKH ZDOO QRUPDO GLUHFWLRQ DW 5HĲ  DQG
5HĲ  UHVSHFWLYHO\ ,Q ERWK FDVHV WKH SDUWLFOHV¶
PHDQVWUHDPZLVHYHORFLW\FRLQFLGHVDOPRVWH[DFWO\ZLWK
WKDW RI WKH IOXLG ,Q WHUPV RI WKH UPV RI WKH YHORFLW\
IOXFWXDWLRQV DOWKRXJK WKH VKDSH RI WKH SURILOH LV
XQFKDQJHGDQGTXDOLWDWLYHO\VLPLODUWRWKDWRIWKHIOXLG
WKHSDUWLFOHIOXFWXDWLRQVDSSHDUWREHKDYHGLIIHUHQWO\LQ
WKH QHDUZDOO UHJLRQ LQ WKDW WKH\ H[KLELW LQFUHDVHG
VWUHDPZLVHYDOXHVZKLOVWWKHRWKHUWZRQRUPDOVWUHVV
FRPSRQHQWV DUH VOLJKWO\ UHGXFHG UHODWLYH WR WKH
FRQWLQXRXV SKDVH 7KLV HIIHFW LV PRVW QRWLFHDEOH
EHWZHHQ\ DQG\ 7KLV WHQGHQF\RI LQFUHDVHG
QRUPDO VWUHVVHV LQ WKH VWUHDPZLVH GLUHFWLRQ DQG
UHGXFHGVWUHVVHVLQWKHRWKHUWZRFRRUGLQDWHGLUHFWLRQV
KDVEHHQREVHUYHGLQSUHYLRXVUHVHDUFKHJ3LFFLRWWR
HW DO 7KLV WUHQG LV DOVR REVHUYHG LQ ERWK 5HĲ
IORZV DOWKRXJK LW LV OHVV SURQRXQFHG LQ WKH KLJKHU
5H\QROGVQXPEHUFDVH 
(UURU 5HIHUHQFH VRXUFH QRW IRXQG JLYH
SUHGLFWHG SUREDELOLW\ GHQVLW\ GLVWULEXWLRQ IXQFWLRQV RI
FROOLVLRQYHORFLWLHVDQGDQJOHVLQWKHWZRFKDQQHOIORZV
5HVXOWV IRU WKH FROOLVLRQ VWDWLVWLFV DUH JLYHQ IRU IRXU
GLIIHUHQW UHJLRQV RI WKH FKDQQHO IORZV DV GHILQHG LQ
7DEOH 
 
7DEOH&KDQQHOIORZUHJLRQGHILQLWLRQV 
 
 5HĲ  5HĲ  
5HJLRQ \VWDUW \HQG \VWDUW \HQG 
9LVFRXV     
%XIIHU     
/RJODZ     
%XON     
 
)LJXUH5HW=590 multi-phase flow SUHGLFWLRQVIRUIOXLG
DQG SDUWLFXODWH SKDVHV 8SSHU PHDQ VWUHDPZLVH
  
YHORFLW\ ORZHU UPVRIYHORFLW\ IOXFWXDWLRQVDQGVKHDU
VWUHVV 
(UURU5HIHUHQFHVRXUFHQRWIRXQGLQGLFDWHVWKDW
LQWKHVWUHDPZLVHGLUHFWLRQFROOLVLRQYHORFLWLHVWHQGWR
GLVSOD\SUHIHUHQWLDOFROOLVLRQVSHHGVLQDOOUHJLRQVRIWKH
FKDQQHO,QERWK5H\QROGVQXPEHUIORZVDVZHPRYH
IURPWKHYLVFRXVVXEOD\HUWRWKHEXONUHJLRQWKHSHDN
RI WKHGLVWULEXWLRQ LQFUHDVHV IURPݑ௣כ a  WR
7KHUDQJHRIWKHGLVWULEXWLRQDOVRFKDQJHVZLWKD
PD[LPXPREWDLQHGLQWKHEXIIHUUHJLRQZKLFKQDUURZV
LQ PRYLQJ WR WKH EXON DQG YLVFRXV VXEOD\HU UHJLRQV
+RZHYHULQWKHZDOOQRUPDO)LJDQGVSDQZLVH)LJ
GLUHFWLRQV WKHGLVWULEXWLRQ LVGLIIHUHQW WR WKDW LQ WKH
VWUHDPZLVH GLUHFWLRQ LQ WKDW WKH SHDNV GR QRW VKLIW
JUHDWO\LQPRYLQJIURPWKHQHDUZDOOWRWKHEXONUHJLRQ
WHQGLQJWREHZLWKLQa0.WRDFURVVWKHFKDQQHO 
 
)LJXUH  3')V RI VWUHDPZLVH SDUWLFOH FROOLVLRQ
YHORFLWLHV ݑ௣כ  LQ WKH FKDQQHO DW 5HĲ  EODFN DQG
5HĲ EOXH 
 
,QWKHVWUHDPZLVHGLUHFWLRQIRUWKHEXONIORZUHJLRQ
(UURU5HIHUHQFHVRXUFHQRWIRXQGWKHVSUHDGLQ
WKHSDUWLFOHFROOLVLRQYHORFLW\GLVWULEXWLRQIRU5HĲ LV
JUHDWHUWKDQWKDWRIWKH5HĲ VLPXODWLRQDQGYLFH
YHUVD LQ WKH YLVFRXV VXEOD\HU UHJLRQ 7KLV LQGLFDWHV
WKDWRQDYHUDJHWKHFROOLVLRQVLQWKH5HĲ EXONIORZ
UHJLRQ DUH PXFK PRUH ORQJLWXGLQDO WKDQ WKRVH LQ WKH
5HĲ FDVHDQGFRQYHUVHO\LQWKHYLVFRXVVXEOD\HU
UHJLRQ 7KLV LV OLNHO\ EHFDXVH WKH KLJK 5H\QROGV
QXPEHU IORZ KDV LQFUHDVHG EXON IORZ YHORFLWLHV DQG
H[KLELWVKLJKHUWXUEXOHQFHLQWHQVLWLHVQHDUWKHZDOOWKDQ
LQWKHORZ5H\QROGVQXPEHUIORZ 
'XHWRUHODWLYHO\KLJKWXUEXOHQFHLQWHQVLW\QHDU WKH
ZDOO LQ WKH 5HĲ  FDVH WKH FROOLVLRQ YHORFLW\
GLVWULEXWLRQ)LJXUHDQG)LJXUHLVJUHDWHUWKDQLQWKH
5HĲ  WXUEXOHQW IORZ +RZHYHU WKH UHVXOWV DOVR
VXJJHVWWKDWLQWKHEXONIORZUHJLRQWKHZDOOQRUPDODQG
VSDQZLVHFROOLVLRQYHORFLW\GLVWULEXWLRQVDUHVLPLODUERWK
TXDOLWDWLYHO\ DQG TXDQWLWDWLYHO\ IRU WKH WZR 5H\QROGV
QXPEHUIORZV 
)LJXUH  GHPRQVWUDWHV WKDW DV ZH PRYH IURP WKH
EXONIORZWRWKHYLVFRXVVXEOD\HUUHJLRQWKHVSUHDGRI
WKHFROOLVLRQDQJOHVWHQGVWRLQFUHDVH7KHYLVFRXVDQG
EXIIHU OD\HU UHJLRQV WKHUHIRUH WHQG WR VKRZ D
VLJQLILFDQWO\JUHDWHUVSUHDGLQWKLVGLVWULEXWLRQWKDQWKH
ORJODZDQGEXONIORZUHJLRQV7KHUHVXOWVDOVRVXJJHVW
WKDW FROOLVLRQV LQ WKH EXIIHU OD\HU DQG WKH EXON IORZ
UHJLRQVDUHWKHPRVW³KHDGRQ´ZLWKOHVVVSUHDGLQWKH
FROOLVLRQDQJOHLQSUHGLFWLRQVIRUWKH5HW=180 IORZ7KLV
LVWREHH[SHFWHGDVWKHKLJKHU5H\QROGVQXPEHUIORZ
KDVKLJKHUWXUEXOHQFHOHYHOVLQWKHQHDUZDOOUHJLRQDV
VKRZQ LQ (UURU 5HIHUHQFH VRXUFH QRW IRXQG DQG
)LJXUH  7KH OHDVW FKDRWLF FROOLVLRQV LQ WHUPV RI
FROOLVLRQDQJOHRFFXULQWKHEXONIORZUHJLRQZKHUHWKH
SDUWLFOHVWHQGWRFROOLGHORQJLWXGLQDOO\LHJODQFLQJDW
a0.05 degrees in the direction of travel, VLQFH WKH
SDUWLFOH PRPHQWXP LQ WKH VWUHDPZLVH GLUHFWLRQ LV
VXIILFLHQWO\KLJKDQGWKHIOXLGIOXFWXDWLRQVLQRWKHUWZR
FRRUGLQDWHGLUHFWLRQVDUHUHODWLYHO\ORZ 
 
 
)LJXUH  3')V RI ZDOO QRUPDO SDUWLFOH FROOLVLRQ
YHORFLWLHV ݒ௣כ 8SSHU YLVFRXV VXEOD\HU DQG EXIIHU
OD\HU ORZHU ORJODZDQGEXONUHJLRQ5HĲ EODFN
DQG5HĲ EOXH 
 
&RQVLGHUDWLRQRIDOOWKHSDUWLFOHVWDWLVWLFVSUHVHQWHG
DOORZVWKHIROORZLQJSK\VLFDOLQVLJKWVUHJDUGLQJSDUWLFOH
FROOLVLRQV LQ WKH SUHVHQFH RI ORZ DQG KLJK 5H\QROGV
QXPEHUWXUEXOHQWFKDQQHOIORZVWREHUHDFKHG 
x 7KH 5H\QROGV QXPEHU RI WKH IORZ DIIHFWV WKH
OLNHOLKRRG RI ³KHDGRQ´ FROOLVLRQV DQG LQ PRYLQJ
IURPWKHEXONWRWKHQHDUZDOOUHJLRQWKHVSUHDGLQ
FROOLVLRQDQJOHVLQFUHDVHVVLJQLILFDQWO\ 
x 7KHPRVW³KHDGRQ´FROOLVLRQVWDNHSODFHLQWKHEXON
  
IORZUHJLRQDWERWKWXUEXOHQFHOHYHOV7KHSDUWLFOHV
FROOLGH WKURXJK JODQFLQJ LQWHUDFWLRQV LQ WKH
VWUHDPZLVH GLUHFWLRQ RI WUDYHO ZLWK YHU\ ORZ
IOXFWXDWLRQV LQ WKH ZDOO QRUPDO DQG VSDQZLVH
GLUHFWLRQV 
x 5H\QROGV QXPEHU GRHV QRW DSSHDU WR KDYH PXFK
LQIOXHQFHRQWKHZDOOQRUPDODQGVSDQZLVHFROOLVLRQ
YHORFLWLHVLQWKHEXONUHJLRQRIWKHIORZV 
&RQFOXVLRQV 
)RXUZD\ FRXSOHG SDUWLFOHODGHQ FKDQQHO IORZ
VLPXODWLRQVDW5HĲ DQGZHUHSHUIRUPHGXVLQJ
GLUHFWQXPHULFDO VLPXODWLRQDQGD /DJUDQJLDQSDUWLFOH
WUDFNLQJWHFKQLTXHZLWKSDUWLFOHVDW6W. WRVWXG\WKH
HIIHFWV RI 5H\QROGV QXPEHU RQ SDUWLFOH FROOLVLRQ
VWDWLVWLFV 7KH UHVXOWV LQFOXGH 3')V RI FROOLVLRQ
YHORFLWLHVLQWKHVWUHDPZLVHZDOOQRUPDODQGVSDQZLVH
GLUHFWLRQV DV ZHOO DV FROOLVLRQ DQJOHV LQ WKH YLVFRXV
VXEOD\HUEXIIHUORJODZDQGEXONUHJLRQVRIWKHFKDQQHO
IORZV 
 
 
)LJXUH3')VRIVSDQZLVHSDUWLFOHFROOLVLRQYHORFLWLHV
ݓ௣כ8SSHUYLVFRXVVXEOD\HUDQGEXIIHU OD\HU ORZHU
ORJODZDQGEXONUHJLRQ5HĲ EODFNDQG5HĲ 
EOXH 
 
%RWKORZDQGKLJK5HĲVLQJOHSKDVHIORZSUHGLFWLRQV
ZHUH LQJRRGDJUHHPHQWZLWK WKH UHVXOWVSURYLGHGE\
.LP HW DO  9UHPDQ HW DO D E DQG
0RVHU HW DO  $OWKRXJK ERWK IORZV ZHUH
SUHGLFWHG UHVXOWV ZHUH RQO\ SURYLGHG IRU WKH KLJK
5H\QROGV QXPEHU FDVH DV WKH UHVXOWV IRU ERWK IORZV
ZHUHVLPLODULQWHUPVRIWKHLUYHORFLW\SURILOHV7RZDUGV
WKH EXON IORZ UHJLRQ RI WKH FKDQQHO WKH PHDQ
VWUHDPZLVH YHORFLW\ ZDV a17% JUHDWHU LQ WKH KLJK
5H\QROGVQXPEHUIORZFRPSDUHGWRWKHORZ5HĲFDVH
2YHUDOODQGUHODWLYHWRWKHORZ5H\QROGVQXPEHUIORZ
WKHSHDNVLQWKHQRUPDODQGVKHDUVWUHVVHVLQWKHKLJK
5H\QROGV QXPEHU IORZ ZHUH LQFUHDVHG DQG VKLIWHG
WRZDUGVWKHZDOO,QWKLVFDVHDQGEH\RQGݕାa ? ?WKH
UPVRIYHORFLW\IOXFWXDWLRQVDQGWKHVKHDUVWUHVVWHQGWR
GHFUHDVHOLQHDUO\ZKHUHDVLQWKHORZ5H\QROGVQXPEHU
IORZ RQO\ WKH ZDOO QRUPDO DQG VSDQZLVH QRUPDO
VWUHVVHVDQGWKHVKHDUVWUHVVGLVSOD\OLQHDULW\EH\RQGݕାa ? ? 
7KH PXOWLSKDVH IORZ UHVXOWV ZHUH FRPSDUHG ZLWK
WKH RQHZD\ FRXSOHG SUHGLFWLRQV RI 0DUFKLROL HW DO
DW6WW=5 and ReW=150 to demonstrate the validity 
RI WKH SDUWLFOH WUDFNLQJ WHFKQLTXH HPSOR\HG 'HVSLWH
GLIIHUHQFHV LQ IORZ SDUDPHWHUV DQG OHYHO RI FRXSOLQJ
EHWZHHQ WKH WZR VLPXODWLRQV SDUWLFOH UHVXOWV IRU WKH
PHDQVWUHDPZLVHYHORFLW\DQGWKHVWUHDPZLVHQRUPDO
VWUHVVZHUHIRXQGWREHVLPLODU,QFRPSDULVRQZLWKWKH
SUHGLFWLRQV RI 0DUFKLROL HW DO  WKHUHIRUH WKH
PHDQSDUWLFOHVWUHDPZLVHYHORFLW\DFURVVWKHFKDQQHO
LQ WKHSUHVHQWVLPXODWLRQ LQFUHDVHGE\a5ZKHUHDV
WKHQRUPDOVWUHVVZDVVLPLODULQWHUPVRILWVSURILOHDQG
PDJQLWXGH 
 
 
)LJXUH  3')V RI FROOLVLRQ DQJOHV LQ WKH FKDQQHO DW
  
5HĲ EODFNDQG5HĲ EOXH 
 
$Q LQFUHDVH LQ WKH 5H\QROGV QXPEHU RI WKH IORZ
LQFUHDVHV WKH VSUHDG LQ WKH GLVWULEXWLRQ RI WKH
VWUHDPZLVHFROOLVLRQYHORFLWLHVFORVHWRWKHZDOOZKLOVW
UHGXFLQJWKHVSUHDGLQWKHEXONIORZUHJLRQ$VZHPRYH
IURPWKHYLVFRXVVXEOD\HUWRWKHEXONIORZUHJLRQHYHQ
WKRXJKWKHUDQJHRIFROOLVLRQYHORFLWLHVLVJUHDWHULQWKH
YLVFRXVVXEOD\HUIRUWKHKLJKHU5H\QROGVQXPEHUIORZ
WKDW VSUHDG UHGXFHV PRUH UDSLGO\ WKDQ IRU WKH ORZ
5H\QROGV QXPEHU FDVH 7KH GLVWULEXWLRQ RI WKH
VSDQZLVHDQGZDOOQRUPDOFROOLVLRQ YHORFLWLHV IRUERWK
IORZ 5H\QROGV QXPEHUV DUH VLPLODU ,Q WKH EXON IORZ
UHJLRQSDUWLFOHVLQWKHKLJK5H\QROGVQXPEHUIORZDUH
PRUHOLNHO\WRFROOLGHDWKLJKHUYHORFLWLHVWKDQSDUWLFOHV
LQ5HĲ IORZ 
7KHVSUHDGLQWKHGLVWULEXWLRQRIWKHFROOLVLRQDQJOH
ZDVIRXQGWREHORZHVWLQWKHEXONUHJLRQDQGKLJKHVW
LQ WKH YLVFRXV VXEOD\HU UHJLRQ LQ ERWK ORZ DQG KLJK
5H\QROGV QXPEHU IORZV ,Q PRYLQJ IURP WKH YLVFRXV
VXEOD\HU WR WKH EXON IORZ UHJLRQ WKLVVSUHDG WHQGV WR
UHGXFH DOWKRXJK LW LV JUHDWHU IRU WKH KLJK 5H\QROGV
QXPEHUFDVH7KLVLQGLFDWHVWKDWRQDYHUDJHSDUWLFOH
PRWLRQ LV PRUH FKDRWLF LQ WKH KLJK 5H\QROGV QXPEHU
IORZ 
,Q VXPPDU\ WKHUH LV QR VWURQJ GLVWLQFWLRQ LQ WKH
GLVWULEXWLRQRIFROOLVLRQVWDWLVWLFVEHWZHHQWKH5HW=180 
DQG5HW=590 turbulent channel flows. As we move from 
WKHEXON IORZ WR WKHQHDUZDOO UHJLRQ WKH SHDN LQ WKH
VWUHDPZLVH FROOLVLRQ YHORFLW\ GLVWULEXWLRQ VKLIWV IURPݑ௣כa1.1 to 0.1 whichWRJHWKHUZLWKYHORFLWLHVLQWKHZDOO
QRUPDO DQG VSDQZLVH GLUHFWLRQV UHVXOWV LQ D JUHDWHU
VSUHDG LQ WKH FROOLVLRQ DQJOH GLVWULEXWLRQ LQ WKH ZDOO
UHJLRQ+HQFHDVZHPRYH IURP WKHEXON IORZ WR WKH
ZDOO UHJLRQ WKH SDUWLFOH FROOLVLRQV EHFRPH PRUH
FKDRWLF 
$FNQRZOHGJPHQWV 
7KH DXWKRUV DUH JUDWHIXO IRU IXQGLQJ IURP WKH 8.
(QJLQHHULQJDQG3K\VLFDO6FLHQFHV5HVHDUFK&RXQFLO
WKURXJK WKH &HQWUH IRU 'RFWRUDO 7UDLQLQJ LQ 1XFOHDU
)LVVLRQ±1H[W*HQHUDWLRQ1XFOHDU(3/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